INTRODUCTION
Erwinia carotouora subsp. carotovora (Ecc) is a phytopathogen, causing soft-rot diseases in a range of economically important crops, including potatoes and carrots (Perombelon & Kelman, 1980) . Some strains of this Gram-negative enteric bacterium make the simple carbapenem antibiotic l-carbapen-2-em-3-carboxylic acid (Car) (Parker et al., 1982) . Carbapenems are among the most recently discovered /?-lactams and they exhibit a broad spectrum of activity against both aerobes and anaerobes, including nosocomial pathogens (Bycroft et al., 1988; Neu et al., 1994) . This class of antibiotics has been of particular interest due to their relative resistance to most clinically encountered P-lactamases (Ubukata et al., 1990) .
The first carbapenem to be discovered was thienamycin, which is produced by Streptomyces cattleya (Kahan et al., 1979) . Other structurally complex carbapenems have been found to be produced by a range of Gram-positive Streptomyces spp. (Williamson et al., 1985) . The results of studies with Streptomyces and Serratia marcescens suggested that the carbapenems are synthesized by a biochemical route distinct from that of penicillins and cephalosporins (Williamson et al., 1985 ; Bycroft et al., 1988) . However, problems with slow growth and poor genetic tractability of Streptomyces producers have made analysis of carbapenem production in these strains problematic. Such problems with the Streptomyces strains encouraged investigation of the biosynthesis of 1-carbapen-2-em-3-carboxylic acid in the genetically tractable, and fast growing, Ecc GS101. A molecular genetic study has now led to the identification of a novel cluster of eight genes (carA-H) responsible for the production of Car ( Fig. 1 ; McGowan et al., 1996) . Additional regulatory genes ( c a d / R) have been identified which are homologous to the regulatory genes (luxl/R) of the luminescence (lux) operon in the marine bacterium Photobacterium (Vibrio) fischeri (Swift et al., 1993 ; McGowan et al., 1995) . The two carbapenem regulatory genes lie within a quorum-sensing regulon that links transcriptional activation of the biosynthetic cluster to cell density via the small diffusible molecule N-(3-oxohexanoyl) -L-homoserine lactone (OHHL ; Bainton et al., 1992) . The car1 gene product is a putative autoinducer synthase that mediates the synthesis of the OHHL inducer (Swift et al., 1993 ; Pirhonen et al., 1993) . The genetic organization of the car regulon is unlike the equivalent regulon in P. fischeri, as Carl is unlinked to the carRA-H cluster.
The carR gene product has homology to the growing family of LuxR-like bacterial transcriptional effectors and so is proposed to be a transcriptional activator (Fuqua et al., 1996; Swift et al., 1996; Salmond et al., 1995) . CarR is thought to act in concert with OHHL, stimulating the transcription of the car biosynthetic cluster when a threshold concentration of the inducer molecule has accumulated in the growth medium (McGowan et al., 1995) . carR is located upstream of the biosynthetic cluster, separated by an intergenic region of approximately 150 bp. It has been proposed that this region may contain a biosynthetic cluster promoter and a putative CarR binding site, to which the activated CarR-OHHL complex might bind, stimulating transcription of the carbapenem cluster (McGowan et al., 1996) .
In contrast to the above, little is known about the regulation of carbapenem production by actinomycetes. Streptomyces spp. produce a spectrum of carbapenem molecules containing distinct chemical substitutions (Moellering et al., 1989) . This diversity in antibiotic structure and widespread distribution of producing strains has not been seen in other bacterial genera. The number of Gram-negative bacteria isolated from the environment, in mass screening programmes, which produce /?-lactam antibiotics has been found to be low (Sykes et al., 1981) . This contrasts sharply with myxobacteria, filamentous fungi and actinomycetes, which are prolific producers of antibiotics (Foster et al., 1992) . Over 40% of filamentous fungi and actinomycetes produce antibiotics when freshly isolated from soil (Demain, 1995) . However, there are species-specific exceptions to the assertion that the frequency of antibiotic production is low in Gram-negative bacteria.
Classically, certain species of the genus Pseudomonas have been associated with the biological control of plant pathogens via the production of antibiotics. Fluorescent
Pseudomonas strains which produce 2,4-diacetylphloroglucinol were frequently identified in soils which suppressed take-all of wheat caused by the fungal pathogen Gaeumannomyces graminis var. tritici (Keel et al., 1992) .
Here we report that the distribution of carbapenem production genes in Erwinia carotouora strains is far more widespread than previously realized. However, the majority of strains investigated here carry carbapenem genes that are cryptic and can be activated by the introduction of the GSlOl carR carbapenem transcriptional activator in trans. Our results suggest that a significant proportion of the cryptic genes are due to defects in the carbapenem-specific, pheromone-dependent, CarR regulator. Cryptic carbapenem antibiotic genes in E. carotovora Gilbert et al. (1986) are listed in Table 2 . Erwinia and E. coli strains were routinely grown at 30 "C and 37 "C respectively in L-Broth (LB) medium (Sambrook et al., 1989) . Carbapenem assay. Five microlitres of an overnight culture of the sample strain of Erwinia was spotted onto a seeded top agar lawn of E. coli strain ESS on an LB plate, and allowed to grow for 24 h at 30 OC. Additionally, recombinant Erwinia strains were supplemented with OHHL (5 pl of a 1 pg ml-l solution) after spotting onto the lawn. Carbapenem antibiotics were identified by HPLC as described by Bycroft et al. (1987) . Inducer assay.Samples (80 p1) of an overnight culture of the test strain were put into the wells of a microtitre plate along with 80 pl of an overnight culture of E. coli DH1 containing the lux, OHHL sensor plasmid pSB401 (Throup et al., 1995) . The plate was incubated at 30 "C for 3 h, and the amount of light induced quantified using a luminometer (Labsystems Luminoskan). The concentration of OHHL in the culture supernatant was measured as above, along with a dilution series of OHHL (1.0, 0.1, 0.01, 0.001 and 0*0001 pg ml-l). The relative light units (RLU) of bioluminescence for the OHHL dilution series were plotted against OHHL concentration and a standard curve obtained. The concentration of OHHL in the SCRI 193 culture supernatant was estimated from the standard curve.
METHODS
Recombinant DNA technology. All DNA manipulation, cloning, ligation, gel electrophoresis and Southern blotting techniques were performed according to standard protocols (Sambrook et al., 1989) and manufacturers' instructions.
Southern hybridizations were carried out using low-stringency conditions : temperature of hybridization was 60 "C ; filters were washed twice at 60 "C and twice at room temperature in DNA sequencing. DNA sequences were determined using the dideoxynucleotide chain-termination method of Sanger et al. (1977) and the Sequenase version 2.0 kit (United States Biochemical). DNA was prepared for sequencing by sonication and ligation of the resulting fragments into M13 vector mp18 (Messing & Vieira, 1982) . Alignments were done by the GCG software package (Genetics Computer Group, Madison, WI, USA).
16s ribotyping, cluster analysis of binary data. The RFLPs generated by Southern hybridization with a 16s rRNA gene probe were converted into test matrices and analysed using NTSYS-PC (Exeter Publishing, 100 North Country Road Setauket, NY 11733, USA). Graphic hard copies of the phenograms generated were obtained by exporting the file as a TIFF into PowerPoint (Microsoft). et al. (1995) This study Chang & Cohen (1978) This study This study Throup et al. (1995) Marker exchange. Marker exchange of the carB : : lac2 construct was carried out in several stages. Initially the carB : : lac2 construct was cloned into the suicide plasmid pKNGlOl (Kaniga et al., 1991) . This plasmid will only replicate in hosts supplying the product of the pir gene in trans, so the resulting plasmids were maintained in E. coli strain CC118(llpir).
Triparental matings on LB plates between CC118(llpir) carrying the pKNGlOl derivative, Ecc strain PNPlO and an E. coli strain carrying the helper plasmid pNJ.5000 (Grinter, 1983) were carried out. Transconjugants resulting from integration of the suicide plasmid into the Ecc chromosome by homologous recombination were selected on M9 minimal medium agar supplemented with 0-2 ' / o glucose and streptomycin (Sm; 50 pg ml-l). Finally, in the absence of antibiotic, strains that had undergone excision of the integrated plasmid were selected on M9 minimal medium (Sambrook et al., 1989) containing 10% sucrose as the sole carbon source. Southern blot analysis of the chromosomal DNA of resulting strains was used to confirm the genotype in each case. The resulting strain was designated ML1. Generalized transductions. Generalized transductions were carried out using #KP as described by Toth et al. (1993) . A #KP lysate was prepared on Ecc strain ML1 and used to transduce the Lac-ATTnlO derivative, MS1. Southern blot analysis of the chromosomal DNA of resulting Km' Car-transductants was used to confirm the genotype in each case. Construction of Ecc HS5. The first step in producing a suitable strain to assay CarR activity was to introduce a carB: : lac2 fusion into the chromosome of a GSlOl carR mutant by marker exchange. The strain chosen was PNP10, which contained a Tn5 insertion in the DNA immediately downstream of the Asn,,, codon of CarR (McGowan et al., 1995) . The pKNGlOl suicide vector was used to create the chromosomal replacement (see above; Kaniga et al., 1991) . An insert containing a carB : : lac2 fusion had previously been cloned into pKNGlOl (pSMG52) by S. McGowan. The cloned insert contained the car cluster, stretching from the carR-A intergenic region to carH (SalI partial digest). A promoterless lac2 cassette from pDAH330 had been cloned into the unique Sat1 site within carB. The marker-exchange construct was introduced into E. coli CCllS(Apir) by calcium chloride transformation and resulting transformants were used in the marker exchange of the construct into PNPlO (see above).
One of the carB: : lac2 mutant strains resulting from marker exchange was chosen and designated ML1. This strain was Lac+. Therefore it was necessary to transduce the carR: : TnS and c a d : : l a d fusions into a Lac-background to measure fusion activity. This was achieved by using the Erwinia generalized transducing phage #KP (see above; Toth et al., 1993) . Transductants containing a Tn5 marker were isolated by plating on LB agar containing kananycin (Km; SO pg ml-l). By selecting for Km' colonies containing a TnS insertion, it was hoped that most of the transductants would also have acquired the tightly linked carB : : lacZ fusion by cotransduction. Transductants were screened by Southern hybridization with carR and carB probes to identify bacteria containing a Tn5 insertion in carR, plus the linked carB : : lac2 fusion. A carR : : Tn5, carB : : lac2 transductant was identified and designated HS5. pGalactosidase assay. The specific p-galactosidase activity of intact cells of the two reporter strains was determined essentially as described by Miller (1972) . Protein concentrations were calculated using a method based on that of Bradford (1976) .
RESULTS

Trans activation of cryptic carbapenem genes in Ecc SCRll93
SCRI 193 is a wild-type Ecc strain which has been intensively investigated in the study of global regulation and secretion of extracellular enzymes (Hinton et al., 1990; Jones et al., 1993; Reeves et al., 1993) . This strain is phenotypically negative for antibiotic production when samples are tested using the P-lactam-supersensitive indicator strain E. coli ESS. The introduction of the Ecc GSlOl carbapenem cluster, carR-H, resulted in a Car' phenotype in this strain. The expression of the genes was thought to be due to endogenous OHHL synthesized by the native Car1 homologue (Jones et al., 1993) . The transcriptional activator of the car cluster of GS101, carR, had previously been cloned into a pSF6 cosmid (pUW14203; McGowan et al., 1995) . T o our surprise, transfer of this construct into SCRI 193 resulted in the production of an antibiotic which was characterized as l-carbapen-2-em-3-carboxylic acid (results not presented 
EcoRI site of pSF6. Approximately 1.9 kb of the 3.6 kb insert is subcloned pSF6 vector DNA, and the remaining 1-7 kb is GSlOl DNA. The only open reading frame contained within the Ecc DNA is carR (735 bp). Therefore the fact that simply supplying a functional carR gene in trans to SCRI 193 led to carbapenem production strongly suggested that this strain contained the car biosynthetic genes but was naturally defective in the quorum-responsive regulatory mechanism.
Assay of inducer produced by Ecc SCRI 193 in batch culture
SCRI 193 has been shown to synthesize the bacterial pheromone OHHL, which coordinates production of multiple extracellular enzymes in a cell-density-dependent fashion (Jones et al., 1993) . A possible cause of the Car-phenotype of SCRI 193 was that the level of inducer produced by this strain, whilst high enough to coordinate exoenzyme production, was not high enough to stimulate carbapenem production. The restoration of the Car+ phenotype by the introduction of pUW14203 may have been the result of carR multicopy suppression. This has previously been observed when studying car1 mutants of the carbapenem-producing strain GSlOl (McGowan et al., 1995) . supernatant in E. coli containing the OHHL sensor plasmid pSB4Ol (Throup et al., 1995) . During the first 2 h of growth, the concentration of inducer detected remained at a basal level. As the culture OD,,, increased above 0.06, during the exponential phase of growth, there was an approximately 14-fold induction of luminescence. In the carbapenem-producing Ecc strain GS101, a rapid increase of supernatant inducer levels was seen at OD,,, 0.2 (Swift et a!., 1993) . The concentration of inducer in the SCRI 193 culture supernatant increased until it reached a maximum when the OD,,, reached 2.0. This coincided with the transition of growth from late exponential to early stationary phase. Previous work had shown that the threshold concentration for the induction of carbapenem production in GSlOl was 0.1 pg ml-' (Bainton et al., 1992) . From the dose-response curve for the activity of OHHL in the pSB401 assay (Fig. 2b) it can be estimated that the concentration of inducer in the culture supernatant at the induction peak was approximately 0.2 pg ml-l. Therefore, from the induction curve it can be seen that the threshold concentration for carbapenem production was exceeded 8 h after inoculation. This led us to conclude that the levels of OHHL production by SCRI 193 were high enough to stimulate carbapenem production, suggesting that the defect in the activation of antibiotic production resides with the transcriptional activator rather than the OHHL signal generator.
Interestingly, after the peak in the measured OHHL levels at OD,,, 2.0, the levels decreased steadily as the SCRI 193 culture moved into stationary phase. Thirty hours after the culture was inoculated, the concentration of inducer had fallen back to basal levels. The occurrence of a peak of inducer in the culture supernatant was also observed in the carbapenem-producing strain GS101. The possibility that the fall in the levels of OHHL was due to chemical instability was tested by incubating OHHL (0.1 pg ml-l) in un-inoculated LB under the same conditions. The mixture was sampled over time without observing a similar fall in inducer levels, suggesting that the decrease in OHHL levels in the culture was due to a microbial process (data not presented). Therefore, for Ecc strains it would appear that the OHHL levels are not solely cell density dependent, but are closely linked to growth phase.
Distribution of OHHL production in two subspecies of Etwinia carotovora
Over 80 strains of Erwinia carotovora were assayed for the presence of an inducer in spent culture supernatants using the pSB401 assay. Cryptic carbapenem antibiotic genes in E. carotovora not surprising as OHHL has been shown to have an essential role in the regulation of extracellular enzymes which are a key taxonomic marker for bacteria of this species (Perombelon & Kelman, 1980) .
Trans activation of cryptic carbapenem genes in the Ecc and Eca strains
Prior to the introduction of pUW14203 into the Erwinia carotovora strains, all of the strains were screened for constitutive antibiotic production using the p-lactamsupersensitive E. coli indicator strain ESS. Two of the SCRI Ecc strains (SCRI 124 and 132) produced antibiotics constitutively. These antibiotics were identified by HPLC as l-carbapen-2-em-3-carboxylic acid, the same molecule produced by GSlOl (data not presented).
pUW14203 was introduced into all of the strains by conjugation with E. coli DH1 containing the donor plasmid and the helper plasmid pRK2013 (Ditta et al., 1980) . When the transconjugants were assayed for plactam antibiotic production, 16% of the Ecc strains (SCRI 101, 112, 114, 122, 123, 192 and 198, and SCRI 193 as described above) and 5 YO of the Eca strains (SCRI 39 and 1058) produced antibiotic after the introduction of pUW14203. The levels of antibiotics produced by these strains, as detected by the ESS assay, were comparable with that produced by GS101.
Some of the Ecc and Eca strains appeared to produce less inducer than others when tested using the pSB401 OHHL assay (data not presented). Therefore to investigate if any of the pUW14203 transconjugants were unable to produce antibiotic because of low endogenous levels of inducer, exogenous OHHL was supplied (5 p1 of 1 pg ml-l) when the strains were assayed. N o additional strains produced antibiotic when containing pUW14203. Interestingly, three of the strains containing pUW14203 that produced antibiotics in the absence of exogenous OHHL did not produce antibiotic in the presence of excess OHHL, suggesting that the additional inducer supplied was enough to cause inhibition of carbapenem production. Previous work with GSlOl has indicated that concentrations of OHHL above 1.0 pg ml-l can inhibit carbapenem biosynthesis in this strain (Bainton et a[., 1992) .
Identification of car homologues in Erwinia carotovora chromosomal DNA
A 4548 bp StuI fragment from GSlOl containing the carbapenem genes carA-H (Fig. 1 ) was used to probe chromosomal DNA from Ecc strains that produced carbapenems constitutively, or contained trans-activatable carbapenem genes, or which exhibited no antibiotic activity (Fig. 3a) . Homologues of the carbapenem biosynthetic genes could clearly be identified in were constitutive for the production of carbapenem (SCRI 124 and 132), and cryptic (SCRI 112, 114, 122, 123, 192, 193 and 198) . There was a degree of polymorphism exhibited by these strains, suggesting that evolutionary divergence had occurred not only between cryptic or constitutive strains, but also between these two phenotypic groups. With the conditions of hybridization used, hybridizing fragments with strong signals were not detected in the strains which were negative for either constitutive or cryptic antibiotic production (SCRI 125, 149, 166, 172 and SCC3193) .
Southern hybridization with a GSlOl carR probe confirmed hybridizing fragments in the DNA from most of the strains identified as containing car biosynthetic homologues (Fig. 3b ). Homologues were identified in the cryptic strains SCRI 112, 114, 122, 123, 192, 193 and 198 , suggesting that the silencing of the car cluster in these strains was not the result of gross deletion of the carR homologue.
In addition to hybridizing with the car biosynthetic and carR probes, the Ecc chromosomal DNA was hybridized with a Carl probe (data not presented). All of the strains tested contained homologues, as would be expected from the results of the OHHL screenings previously described. Interestingly, the homologues identified exhibited very little polymorphism, which contrasts with the results of the hybridizations using the carR and car biosynthetic probes.
Previously it has been reported that some strains of Erwinia carotovora subsp. betavasculorum produce an unknown antibiotic (Axelrood et al., 1988) . During the course of this study an isolate (SCRI 479) from the SCRI culture collection was found to produce an antibiotic that was detected using the /I-lactam-supersensitive E. coli. Chromosomal DNA from this Erwinia carotovora subsp. betavasculorum strain was also hybridized with the StuI biosynthetic probe (data not presented) and found to contain hybridizing fragments that gave strong signals. This suggests that the antibiotic detected is likely to be a carbapenem, thus providing further evidence of the widespread distribution of carbapenem genes in Erwinia carotovora subspecies.
Ribotyping of Ecc strains
On the basis of their geographical origins (Tables 3 and  4) , the Ecc strains that were identified as containing constitutively expressed, or cryptic, carbapenem genes are clearly unrelated. However, to gain a further insight into any relatedness of Ecc strains and the distribution of cryptic car genes, 16s ribotyping was used to examine the phylogenetic relationships of some of these SCRI strains. Comparison of the RFLPs generated when chromosomal DNA is hybridized with a 16s DNA probe can be used to characterize phylogenetically distinct bacteria (Grimont 8c Grimont, 1991) . In addition to the Ecc strains previously hybridized with the car probes, DNA from a selection of other strains was analysed.
These included a constitutive Car-producing strain of Serratia marcescens (ATCC 39006) ; a naturally Carresistant clinical isolate of S. marcescens (S6); the Erwinia carotovora subsp. betavasculorum strain previously shown to contain car homologues (Ecb SCRI 479) ; a cryptic Car-producing strain of Eca (SCRI 39) ; a Car-nonproducing strain of S. marcescens (SBONl) ; two wild-type Erwinia chrysanthemi strains (NCPPB-1066 and EC 16), a Car-nonproducing Eca strain (SCRI 1043) and an E. coli strain (DH1). The phenogram (Fig.  4) generated from the RFLP patterns shows that most of the Ecc strains exhibit a high degree of relatedness and cluster together, as would be expected from their taxonomic classification. However, there is no correlation between the distribution of strains with regard to the production of carbapenem antibiotics and their general genetic relatedness as defined by 16s ribotyping. Interestingly, this is a similar result to that found by Mehling et al. (1995) , when investigating the distribution of streptomycin and lincomycin antibiotic production patterns in Streptomyces spp.
Sequence of the Ecc SCRl193 carR homologue
We attempted to determine the molecular basis of the carR defect responsible for the Car-phenotype of SCRI 193. A 2011 bp fragment from SCRI 193 DNA was identified as containing a carR open reading frame and the first 229 bp of the carA homologue. The carR open reading frame was identical in size to the GSlOl homologue and encoded a protein of 244 amino acids, with a predicted molecular mass of 28 056 Da and a PI of 6.96. The overall identity with the GSlOl homologue at the DNA level was 89-5%, with a GC content of 39.9 mol%, a similar value to that of the GSlO1 homologue (McGowan et al., 1995) . At the amino acid 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 sequence level there was 94% identity and 97% similarity, with 14 amino acid substitutions (Fig. 5) (Fig. 6 ). This purine-rich sequence differs in only one basepair from that of the GSlOl homologue. The substitution of a guanine for an adenine residue in the SCRI 193 RBS brings the sequence closer to the E. coli consensus (Stormo, 1986) . Therefore it was thought unlikely that this substitution would be detrimental to the translational efficiency of the SCRI 193 homologue. Previous localized mutagenesis experiments with the GSlOl carR have identified putative -35 and -10 promoter regions which exhibit homology with the E. coli consensus (unpublished observation ; Harley & Reynolds, 1987) . Alignment of the upstream sequences of the two homologues shows that the putative -35 regions are conserved (Fig. 6) . Seventeen basepairs downstream of this there is divergence in the putative -10 sequences. The SCRI 193 sequence contains two nucleotide substitutions which result in movement away from the E. coli consensus. In an attempt to assess the effect of the putative promoter substitutions on the transcriptional efficiency, an in uitro prokaryotic transcription and translation assay was used to express the SCRI 193 CarR. Fig. 7 shows the products of the expression of the carR homologues of GSlOl and SCRI 193 cloned into pUC19 (pMH10 and pMH20 respectively). T w o protein products of the same size (-28 kDa) were observed in both the SCRI 193 and GSlOl samples. A 28 kDa product was not seen in the vector control lane. A product of the same size has previously been observed for the GSlOl CarR using the T7 expression system (McGowan et al., 1995) . Therefore as the SCRI 193 carR homologue was able to direct in uitro transcription and translation in the E. coli S-30 cell extract, it seemed unlikely that mutations in the regulatory sequences were responsible for the carR defect in SCRI 193. SCRI 193 carR) or the control plasmid pACYC184 was grown in LB at 30 "C. The assay was carried out on triplicate samples from one growth curve experiment. Units of p-galactosidase activity are expressed in specific units (AA420 min-' ml-' mg-'). During the cloning and sequencing of the SCRI 193 carR homologue, the 2.0 kb HindIII fragment containing carR was cloned into the medium-copy-number vector pDAH330 (McGowan et al., 1995) , to give pTGH10.
Surprisingly, when this plasmid was transferred back into SCRI 193, the recombinant strain produced detectable levels of carbapenem. Even more remarkably, the same result was obtained using the SCRI 193 carR gene cloned into the low-copy-number vector pACYC-184 (pNED200). These results show that when the SCRI 193 carR transcriptional activator is supplied in multiple copies, even at low gene dosage, there is a clear suppression of the cryptic carbapenem phenotype.
Relative activities of the CarR homologues of Ecc GSlOl and SCRI 193
There were no detectable differences in the relative activities of the carR homologues of SCRI 193 and GSlOl in pDAH330 and pACYC184 vectors when activity was determined by using the relatively crude plactam-supersensitive E. coli ESS assay, measuring the activation of carbapenem production in SCRI 193. In an attempt to discern different levels of transcriptional activation directed by the carR homologues present in multiple copies, a more sensitive transcriptional fusion approach was utilized. A GSlOl derivative containing a carB::lacZ fusion, with a Tn5 insertion in carR, was generated (HS5) in which Car transcriptional activation could be assayed. This strain was used to measure the levels of carB::lacZ activation directed in trans by GSlOl and SCRI 193 carRs cloned into pACYC184
(pNED 100 and pNED200 respectively).
Comparisons of p-galactosidase activities of HS5 carrying either pNEDlOO or pNED200 through the growth curve showed that there was no discernible difference (data not presented). Table 5 shows the levels of activity measured after 10 and 14 h. The 10 h sample was taken in the transition from late-exponential to early-stationary phase, when OHHL levels in the culture supernatants of SCRI 193 and GSlOl are near maximal. The 14 h sample was taken when the culture had entered stationary phase. When the activities of the two homologues in vivo were measured repeatedly in separate experiments, comparable levels of transcriptional activation of the carB : : l a c 2 fusion were found. When the experiment was repeated with the addition of exogenous OHHL (1 pg ml-'), similar levels of activity were seen (data not presented). These results confirm the previous observation that multiple copies of the SCRI 193 carR in trans can suppress the cryptic Car phenotype.
DISCUSSION
It has long been assumed that the production of p-lactam antibiotics by Gram-negative soil bacteria is rare (Sykes et al., 1981) . When originally describing the isolation of carbapenem-producing bacteria, Parker et al. (1982) reiterated this by noting that the production of 1-carbapen-2-em-3-carboxylic acid appeared to be rather limited in the natural environment. Consequently, when
considering Erwinia carotovora, we thought it reasonable to assume that only very few strains would have the capacity to produce carbapenem antibiotics. The results presented here show that while a few Ecc strains do constitutively produce carbapenem, a larger proportion retain functional, but cryptic, biosynthetic genes.
The initial observation that sparked this study was the surprising discovery that an active carR in trans caused production of Car in SCRI 193. This suggested that SCRI 193, a strain phenotypically Car-, contained functional carbapenem biosynthetic genes. To find out whether car genes were present in other Erwinia strains, Ecc strains from a culture collection were screened for antibiotic production after the introduction of carR in trans. A significant proportion (16%) of Ecc strains from the SCRI culture collection were Car' due to transactivation by carR. Two other classes of strains were identified: those which were naturally Car+ (4%) and those which remained Car-after the introduction of carR. Notably, the number of strains that contained cryptic car genes was greater than that which were constitutively Car+.
One of the questions raised by this discovery is how these gene clusters became cryptic. In strains containing cryptic carbapenem clusters, homologues of the car biosynthetic genes and carR were identified by Southern hybridization. This result suggested that the biosynthetic genes were not cryptic due to the loss of the carR transcriptional activator, but contained mutant carRs, a defect complemented by the introduction of the GSlOl carR.
The high frequency of cryptic clusters, apparently defective in the same gene, suggested that there might be a discrete genetic switch responsible for silencing. T o investigate this we analysed the well-studied wild-type strain, SCRI 193. However, we found no gross alterations such as insertions, inversions or deletions in the carR gene of this strain. Rearrangements such as these Cryptic carbapenem antibiotic genes in E. carotouora ~~ have been associated with phenotype switching effecting a range of bacterial phenotypes (for a review see Dybvig, 1993 shown that it is possible to make carbapenem production in GSlOl OHHL independent (McGowan et al., 1995) . In recent regulatory studies with members of the LuxR family of transcriptional activators, it has been common practice to use plasmid-borne genes in multiple copies (Gray et al., 1994; Fuqua & Winans, 1994; Hwang et al., 1995; Ochsner et al., 1994; Ochsner & Reiser, 1995; Passador et al., 1993) . The dramatic effect seen with the plasmid-borne SCRI 193 carR shows that there is a danger of generating artefactual results by using multiple copies of a gene which is found at only one locus on the chromosome, i.e. normally has a copy number of one.
Cryptic genes affecting a variety of phenotypes have previously been identified in a range of organisms. Hall et al. (1983) proposed that cryptic genes were phenotypically silent DNA sequences not normally expressed during the life cycle of an individual, but capable of activation as a rare event in a few members of a large population by mutation, recombination, insertion elements or other genetic mechanisms. One of the bestcharacterized sets of cryptic genes is that involved in sugar utilization in E. coli. The E. coli strain K12 has been shown to contain three cryptic operons, asc, cel and bgl, which encode three distinct permease and phospho-P-glucosidase systems (Schnetz et al., 1987 ; Kricker & Hall, 1987; Hall & Xu, 1992) . In addition to the attenuated laboratory strain, high frequencies of wild-type natural isolates have been found to contain cryptic operons (Hall & Betts, 1987) . The maintenance of these cryptic operons has been proposed to be the result of periodic cycles of decryptification and cryptification, which are closely linked to the selective advantage conferred under particular growth conditions. The observation that antibiotic-producing strains of bacteria can act as biological control agents, protecting plants from soil-borne fungal infections, has been seen as evidence that antibiotics have an offensive role in the rhizosphere, acting as competitive chemical weapons (Cavalier-Smith, 1992; Maplestone et al., 1992) . These molecules are therefore likely to be important determinants of the interactions of micro-organisms in the environment. For the plant pathogen Erwinia carotouora, the production of antibiotics by some strains has been shown to confer a competitive advantage in planta (Axelrood et al., 1988) . The production of antibiotics enables the phytopathogenic bacterium to capitalize on the nutrient-rich niche created by its attack on the host plant. Conversely, in the nutrient-limited environment of the rhizosphere, the growth rate of the bacterium decreases and physiological demands on the cell change dramatically. For bacteria adapting to these conditions, the production of antibiotics may confer little, if any, advantage. Why are the cryptic carbapenem genes maintained by the bacterial host? It is seductive to speculate that carbapenem genes are present in a high proportion of Erwinia carotovora strains because of the selective advantage these genes confer under certain environmental conditions. However, in the majority of the strains that were found to contain carbapenem genes, the presumed advantage conferred had not been effective in the relative short term, thus resulting in silencing by random mutation. In these strains the mutation appears to affect carR and the transcriptional activation of the Car biosynthetic cluster. Further work remains to be carried out to assess both the long-and short-term expression of carbapenem genes in Erwinia to investigate if Ecc uses this coarse genetic control to cope with environmental challenges. Whilst this report describes, to the best of our knowledge, the first example of cryptic /I-lactam antibiotic genes, cryptic antibiotic genes have been reported before. Evidence of silent antibiotic genes has been noted in Streptomyces, a genus noted for prolific production of secondary metabolites (Berdy, 1988 (Jones & Hopwood, 1984b ; Parker et al., 1982) . Secondly, additional antibiotic biosynthetic genes have not been found that would direct the production of actinomycin, suggesting that the PHS gene is an isolated locus. More light will be shed on the origins and evolution of the carbapenem biosynthetic cluster when car genes from other producers, such as streptomycetes, are identified and sequenced.
An interesting finding of this study was the occurrence of dramatic changes in OHHL levels in culture supernatants of SCRI 193. A peak in OHHL levels coincided with the transition from the late-exponential to the early-stationary phase of growth, as has previously been shown with the antibiotic-producing strain of Ecc, GSlOl (Swift et al., 1993) . However, we found a significant drop in OHHL levels as cultures of SCRI 193 progressed into stationary phase. Experiments are currently under way to investigate if the 'damping' of the pheromone signal is the result of catabolism or some other cellular process.
In conclusion, the results presented here show that carbapenem genes are common in Erwinia carotovora but remain cryptic due to a defective transcriptional activator. Previous work has identified CarR and OHHL as being the primary regulatory components that allow continuous modulation of carbapenem production in Ecc (Bainton et al., 1992; McGowan et al., 1995) . This physiological regulation generates a homogeneous response to environmental change. In contrast, cryptic gene activation would operate at a higher hierarchical level, affecting only a few members of a population. By its very nature, this form of regulation would be less responsive, being reliant on mutational events for modulation of activity, therefore providing a bacterial population with diversity. A consequence of this is that the number of possible antibiotic-producing strains would be underestimated using conventional screening approaches, thus leaving a potential reservoir of novel carbapenem derivatives untapped. So, on a practical level, facile transcription of cryptic carbapenem genes by a functional CarR might have utility in uncovering many strains which can elaborate simple, and modified, carbapenems.
